ABSTRACT: Development of novel 2D materials with singular and thrilling properties has aroused large interest due to the novel unexpected applications that can be derived from there. In this sense, coordination polymers (CPs) have appeared as matching candidates thanks to their rational chemical design and the added-value properties given by the presence of metal ions. This is the case of switchable spin crossover systems that have been proposed as excellent candidates for data storage or sensing, among others. Here we report the delamination of crystals of the 2D spin crossover (SCO) {[Fe(L1)2](ClO4)2}∝ (1) CP by liquid-phase exfoliation (LPE) in water. The application of this top-down technique results in the formation of flakes with controlled thicknesses, down to 1-2 nm thick (mostly mono-and bi-layer), that retain the chemical composition and SCO interconversion of the bulk material. Moreover, these flakes can be handled as stable colloidal dispersions for many days. This allows for a controlled transfer to solid substrates and the formation of thermochromic polymeric films as a proof-of-concept of device. These first results will definitely open new venues and opportunities for the investigation and future integration of these original switchable 2D materials in devices.
INTRODUCTION
Coordination polymers (CPs) have been focus of research over the last years as an alternative approach to graphene and related 2D materials thanks to their rich synthetic chemistry, chemical flexibility and the presence of metal ions that add novel optical, magnetic and/or electrical properties. [1] [2] [3] [4] All these premises have already crystallized in different examples of 2D coordination polymers (CPs) relevant for the electrochemical detection of H2O2, 5 functional thin films, 6 molecular sieve membranes, 7 polymer composites for gas separation, 8 catalysis 9,10 or photoluminescence. 11, 12 Despite these pioneering examples, control over the synthesis and applications of 2D materials based on coordination polymers still remains a significant research challenge. This is especially applicable for switchable systems, whose ability to interconvert between two different states under an external stimulus is envisaged as a promising alternative to classical inorganic materials in information processing and sensing. Spin crossover (SCO) metal complexes belong to this family of switchable molecular materials exhibiting a reversible interconversion between the so-called low spin (LS) and high spin (HS) electronic configurations. [13] [14] [15] [16] [17] The conversion between these two states can be triggered by various external stimuli such as temperature, pressure, light, X-ray irradiation, an intense magnetic field, electric field or the inclusion of guest molecules. [18] [19] [20] The two spin states can be distinguished by their unique and different magnetic, optical, mechanical, spectroscopic and structural properties. Therefore, SCO materials have been proposed for numerous applications such as displays, 21 memory devices, 22 pressure and temperature sensors, 23 gas sensors, 24 nanothermometers, 25 optoelectronic devices 26 and actuators. 27 So far, SCO materials have been studied as bulk powders or crystals 28 and, more recently, as micro-/nanoscale thin films, nanoparticles [29] [30] [31] or single molecules on the quest for their integration into functional devices. [32] [33] However, as far as we know, no example of a sheet-like SCO system has been described. The sole investigation in this direction concerns a self-assembled monolayer of SCO molecules, which has been recently studied by scanning tunneling microscopy (STM) revealing collective phenomena in 2D spin crossover layers. (1) and their delamination by applying a top-down technique, which consists in a liquid-phase exfoliation (LPE) ultrasounds-assisted.
Herein we hypothesize that delamination of 2D bulk SCO crystals represents a successful approach for the unprecedented SCO flakes production method. As a representative example for these studies we have selected the 2D coordination polymer {[Fe(L1)2](ClO4)2}∝ (1), which has already been shown to exhibit SCO. [35] [36] To achieve this objective, the two-step approach shown in Figure 1 was followed. It consisted in the growth of large crystals from solution and subsequent delamination by means of the well-known liquid-phase exfoliation method (LPE). [37] [38] [39] The process was optimized to obtain flakes thicknesses close to the single molecule level while retaining the SCO transition of the bulk crystals. Finally, the flakes were stabilized as colloidal dispersions that allow for their incorporation into free standing thermochromic thin films.
EXPERIMENTAL SECTION CAUTION: perchlorate salts 40 and tetrazole ligands 41 are potentially explosive and should be handled with extreme care. The synthesis of tris(2-(1H-tetrazol-1-yl)ethyl)-amine ligand (L1) and the coordination polymer {[Fe(L1)2](ClO4)2}∝ (complex (1)) were done following a previously reported procedure 35 (for more detail, see Supporting Information, SI1) Exfoliation process. Coordination polymer (1) was exfoliated in 2D flakes by using the LPE methodology. The process consisted in the addition of 1 mg of the complex (1) into a vial containing 5 ml of pure water. After 12 h, complex (1) showed a successful delamination of the layered crystal. For improving the exfoliation yield, the vial can be placed in an orbital shaker for 24 h (1-2D). Final step of centrifugation (2000 rpm, 1 min) was added in order to separate the unexfoliated crystals remaining in the pellet and the exfoliated flakes present in the supernatant. For obtaining dried flakes powder, the solvent was evaporated slowly under vacuum conditions. FT-IR (deposited on silicon substrate by drop casting methodology): 3142 (mb, tetrazole ν Cttz-H), 1500m, 1438m, 1361m, 1327m, 1260m, 1172m, 1199s, 1079 (s, ν perchlorate Cl-O) 988s, 951s, 870m, 785m, 756m, 711m, 681s, 662s, 615 (s, δ perchlorate O-Cl-O), 537m, 505m cm -1 .
Transfer of (1-2D) to substrates. The main methodologies for transfer colloidal suspensions of flakes to substrate were drop casting and spin coating, using clean Siwafers (0.5 x 0.5 cm2) as a substrate. For the drop casting methodology, 15 µl of colloidal suspension after exfoliation process was deposited on the silicon substrate. For the spin coating process, the substrate was rotated with a drop containing the flakes after the delamination process for 120 s at 3500 rpm. The substrates with (1-2D) flakes were dried under argon flow and stored in low humidity conditions under N2 atmosphere.
Preparation of (1-2D) films. Dried 2D flakes (50 mg) were dispersed in a previously prepared poly(vinyl alcohol) (PVA) solution (6 mL, 20 wt.%). The dispersion was sonicated during 2 min and slowly transferred to a plastic petri dish (diameter of 5 cm). The (1-2D) SCO film was obtained after evaporation of the water at room temperature during 24 h. The final film was easily removed from the petri dish once it was dry.
RESULTS AND DISCUSSION
Reaction of Fe(ClO4)2·xH2O with a tris-tetrazole ligand (L1, Figure 2a ) (1:2 metal:ligand ratio) in CH3CN and in contact with air, yielded yellowish crystals of complex (1) (for more details see Supporting Information, SI 1) whose SCO interconversion was fully confirmed (for more details see Supporting Information, SI 3). Even though complex (1) had already been reported, 35 no crystallographic characterization was done at that time. For this reason, and due to the relevance for this work in such the structure and interaction between the 2D layers is crucial for a proper delamination process, single crystals of complex (1) suitable for X-ray diffraction were carefully grown, selected and analyzed.
Complex (1) crystallizes in a triclinic Pī space group with an asymmetric unit comprising one Fe(II) metal node (located on the center of inversion), one molecule of tetrazole ligand L1, and one perchlorate counter anion (for crystal data at different temperatures, see Supporting Information, Table S1 ). The resulting repetitive unit of Before delamination, good-shaped crystals (average size 8.2 ± 1.2 µm) were manually picked-up from the bulk sample (see Supporting Information, SI 4). X-ray powder diffraction (XRPD) data confirmed that selected crystals exhibit the same pattern compared with the simulated spectrum of a single crystal (see Supporting Information, Figure S5) . The crystals were then dispersed on different solvents under sonication at room temperature for 12 h (for experimental details see Supporting Information, SI 1). Organic solvents such as dimethylformamide (DMF), acetone ((CH3)2CO), chloroform (CHCl3), toluene (Tol) or tetrahydrofuran (THF) induce the chemical decomposition of the sample as FT-IR spectroscopy confirms (Supporting Information, Figure S6 ). In polar organic solvents such as methanol (MeOH) and ethanol (EtOH) the crystals are chemically stable though no flakes were found upon sonication. Overall, water turned out to be the most suitable solvent for the exfoliation process as the delaminated material is chemically stable at least for one week. This stability can be improved up to one month with a mixture of water/ethanol and up to several months under N2 atmosphere. The formation of colloidal suspensions containing exfoliated 2D flakes was optically confirmed by the observation of the Tyndall effect ( Figure  3a) . The laser beam can be observed through the suspensions; the scattered light indicates the presence of a colloidal suspension of flakes, which is maintained after few weeks. Nevertheless, at this stage no control over the degree of delamination was achieved. With this aim, a time-dependent exfoliation experiment was ran in water and followed by combined dynamic light scattering (DLS) and atomic force microscopy (AFM) at three different sonication periods of 4, 6 and 12 h. The DLS measurements taken from samples at 4 and 6 h showed mean size diameters of 347 ± 6 nm and 141 ± 9 nm, respectively (see Supporting Information, Figure S7 ). Complementary AFM measurements of the same thin films upon deposition by spin coating on silicon surfaces revealed average thicknesses of 200 nm and 25 nm, respectively (see Supporting Information, Figure S8 ). This would be in agreement with the obtaining of flakes a few hundreds and a few tens of layers, for 4 and 6 h, respectively. Sonication for a longer period of 12 h finally allowed for the formation of the desired flakes with average diameters of 86 ± 7 nm (average Gaussian distribution centered on 100 nm; see Supporting Information, Figures S7c-S8 ) and a narrow peak thickness distribution of 1-3 nm, as confirmed by AFM. This would be in agreement with the presence of mostly mono-and bi-layer flakes (see Supporting Information, Figure S8 ). Representative transmission electron microscopy (TEM) and AFM images of one of the 2D flakes obtained after 12 h of sonication are shown in Figure 3b -c. The chemical integrity of the flakes resulting after 12 h of sonication was also confirmed by different techniques X-ray photoelectron spectroscopy (XPS) measurements of both bulk and flakes are in excellent agreement (see Supporting Information, Figure S11 -S14), confirming that the Fe(II) nodes retain their oxidation state along the exfoliation process. FT-IR (see Supporting Information, Figure S15 ) and Raman spectra (Figure 4a ) also closely match for both bulk and flakes, except for some relative peak intensities. Additionally, the exfoliated flakes were deposited on silicon substrates and analyzed by XRD. The results show a remarkable decrease of the diffraction peak intensities (some of them even disappear) and their concomitant broadening, as expected upon reduction of the dimensionality. Their relative intensities do not reveal any remarkable orientation (for more details, see Supporting Information, Figure S16 ).
Once the chemical stability of complex (1) after the delamination process was demonstrated, the SCO behavior was studied for both bulk crystals and 2D flakes by means of UV-vis spectroscopy under different thermal cycles: cooling (298 K to 73 K) and heating (73 K to 298 K) (see Figure 4b -c). At 73 K, (with a complete LS state) the maximum absorbance of the crystals is at λ = 560 nm. For the exfoliated flakes a red shift to lower energies is observed. A new maximum at λ = 585 nm is now observed, presumably due to enhanced light scattering. This absorption band is characteristic of the LS isomer which corresponds to 1 A1
Tligand field transition of the LS Fe(II). This transition is accompanied by visible thermochromism, which goes from colorless (HS) to pink-violet (LS) in this
case. An increase of the temperature induces a decrease of this LS absorption band until it almost disappears while a HS band appears and increases in intensity in the near infrared region. When the maximum absorbance of the LS peak was plotted for a whole temperature cycle (heatingcooling), hysteresis loops appeared for both bulk crystals and flakes (see Figure 4d -e). For the bulk complex (1), the absorbance abruptly decreases around 150 K (during the heating process) and abruptly increases again upon cooling around 130 K, with a hysteresis of ~20 K (Figure 4d ). Regarding 2D flakes, two main differences were observed for the heating-cooling cycles: I) the transition is not so abrupt but rather progressive over a broad range of temperatures, as expected considering the strong phononic dependence of SCO systems and II) a broader hysteresis associated to the smoother interconversion process is observed (Figure 4e) . Finally, for both samples consecutive fully reversible cooling-heating cycles were done thus confirming the stability and reproducibility of the SCO interconversion (for more details, see Supporting Information, SI 8 and Figure S18 -S19). Additionally to the optical measurements, the spin-transition of (1-2D) flakes was also studied by other means: temperature-variable magnetization and Raman spectroscopy. Nevertheless, due to the lack of resolution of these techniques, it was necessary to increase the amount of material for obtaining enough signal (for a more detailed discussion, see Supporting Information, SI 9).
Once the exfoliated and dried flakes were measured and properly characterized, it was possible to redisperse them again in pure H2O. The formation of de novo colloidal suspensions with average diameters of 90 ± 4 nm was observed (see Supporting Information, Figure S9 ). The redispersed flakes were then deposited on Si substrates and analyzed by AFM (see Supporting Information, Figure  S10 ) revealing the same uniform narrow height distribution peaks around 1-2 nm (i.e. the same thickness) as observed for the exfoliated flakes just after sonication (Figure 3e ). These results confirmed the stability of the flakes along the manipulation and physical measurements.
Additional ab initio density functional theory (DFT) calculations were done to get a first approximation of the SCO behavior on the translation from the bulk crystals to the flakes. For this, the experimental bulk structure (Figure 5a) at two temperatures (110 K and 250 K) was considered as a reference. For the low temperature structure (110 K), the LS configuration (S=0) is more stable than the HS one (S=2) by 2.027 eV, whereas for the higher temperature structure (250 K) the HS state is 0.281 eV lower in energy than the LS one. The Projected Densities of States (PDOS) (Figure 5b ) for both configurations show the expected Fe electronic structure, confirming that the Fe metal ions are isolated, exhibiting only interactions with adjacent N atoms. The additional calculations performed in a single monolayer, fixing the coordinates to the bulk positions (Figure 5c ), revealed the similarities between bulk crystals and 2D flakes. In the case of a single flake, the low temperature structure (110 K) shows a LS state 2.047 eV lower in energy than the HS configuration. For the high temperature structure (250 K) the HS state is more stable by 0.273 eV. The Fe PDOS in the monolayer (Figure 5d ) is quite similar to the bulk case, showing that the intralayer interaction is hardly affecting the Fe d states. Both for bulk and monolayer, the electronic structure calculations confirm the experimentally identified spin state for low (110 K) and high (250 K) temperature structures and the existence of a spin transition when decreasing the temperature of the complex.
Finally, thermochromic free standing films were obtained by drop casting a aqueous colloidal dispersion of the flakes containing poly(vinyl alcohol) (PVA) (for more experimental details see Supporting Information, SI 1). As shown in Figure 6 , at room temperature the films are translucent (slightly yellowish), characteristic of the high spin isomer. Upon cooling down to liquid nitrogen temperature (77 K), the color of the films changed to an intense pink/purple tonality, characteristic of the low spin isomer. The reproducibility and reversibility of the SCO in films were confirmed by repeated complete cooling and heating cycles. Additionally, several thin films were prepared in order to confirm the viability of the film production method containing 2D flakes. As a representative example, a time-dependent se-quence of photograms obtained after removal of a film from liquid nitrogen and exposition to room tempera-ture is shown in Figure 6b ; the interconversion is fast, taking place in a few seconds (see video in Supporting Information).. As a representative example, a time-dependent sequence of photograms obtained after removal of a film from liquid nitrogen and exposition to room temperature is shown in Figure 6b ; the interconversion is fast, taking place in a few seconds (see video in Supporting Information).Worth to mention, the chromogenic changes observed are homogenous in the whole film, most likely being an indication of the good dispersion of the flakes within the polymer. Just to confirm this assumption, different sections of the film were analyzed by SEM after breaking the material under cryogenic conditions. The result is shown in Figure 6c . As expected, a good distribution of the films, without relevant phase segregation processes was found. 
CONCLUSIONS
In summary, 2D sheet-like spin crossover flakes with controlled thicknesses have been successfully obtained following the LPE approach. It has been shown by both experimental and theoretical means that the flakes retain the chemical properties of the bulk material and, what is even more relevant, the SCO behavior. However, as the spin transition is known to be remarkably sensitive to slight changes of the intermolecular interactions, the SCO transition of the flakes takes place more gradually over a broader temperature range.
Interestingly, the flakes can be handled as stable colloidal suspensions for many days, what allows for their transfer to different substrates of technological relevance. In this way, the flakes have been homogenously dispersed into PVA, resulting in the formation of free standing thin films with thermochromic behavior. Although the synthetic methodology for 2D coordination polymers is in its early stage, these results propel 2D SCO flakes as robust nanoplatforms to translate highly environmentally sensitive SCO systems into future SCO hybrid devices, in a reproducible and controlled manner. 
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